mRNAs of eukaryotic cells and many viruses are known to contain terminal polyriboadenylate [poly(A)] sequences. Poxvirus particles are especially suitable objects for the study of mRNA biosynthesis since they exhibit both DNA-dependent RNA polymerase (10, 16) and poly(A) polymerase (9) activities. Experiments with intact vaccinia virus cores suggested both transcriptional (9) and terminal transfer (4) type mechanisms of poly(A) formation. The former mechanism would depend on the presence of polydeoxyribothymidylate tracts in vaccinia DNA, for which some evidence was reported (9).
A polyriboadenylate [poly(A) I polymerase, purified from vaccinia virus cores, was stimulated by polydeoxyriboadenylate: polydeoxyribothymidylate [poly(dA: dT)] and by polyribocytidylate [poly(C)] primers suggesting mechanisms of either transcription or terminal addition. Evidence for the latter was obtained by the demonstration of covalent linkages between the poly(A) products and both primers. In 99% dimethylsulfoxide-sucrose gradients, the sedimentation of poly(A) formed with poly(dA: dT) primer was reduced after DNase I treatment and the sedimentation of poly(A) formed with poly(C) primer was reduced by RNase A treatment, whereas the sedimentation of poly(A) formed without primer was not affected by either. Formation of a phosphodiester bond between primer and product was demonstrated by means of isotope transfer experiments. 32P from a-[32P]ATP was transferred to 2'(3')-CMP after alkaline or enzymatic hydrolysis of the poly(C)-primed polymerase reaction product. Transfer primarily or exclusively to 3'-dTMP was found after enzymatic hydrolysis of the poly(dA: dT)-primed polymerase reaction product. The elution pattern of the poly(A) polymerase from DNA-cellulose suggested that a single enzyme catalyzes the attachment of adenylate residues to both polyribonucleotide and polydeoxyribonucleotide primers; nevertheless the purest enzyme preparations contain two bands resolved by polyacrylamide gel electrophoresis in sodium dodecyl sulfate. mRNAs of eukaryotic cells and many viruses are known to contain terminal polyriboadenylate [poly(A)] sequences. Poxvirus particles are especially suitable objects for the study of mRNA biosynthesis since they exhibit both DNA-dependent RNA polymerase (10, 16) and poly(A) polymerase (9) activities. Experiments with intact vaccinia virus cores suggested both transcriptional (9) and terminal transfer (4) type mechanisms of poly(A) formation. The former mechanism would depend on the presence of polydeoxyribothymidylate tracts in vaccinia DNA, for which some evidence was reported (9) .
Our laboratory has succeeded in solubilizing proteins from the vaccinia core and isolating the poly(A) polymerase (15) as well as two different nucleotide phosphohydrolases (17) (18) (19) , a DNase (22, 23) and a protein kinase (12) . A screening of high molecular weight synthetic polydeoxyribonucleotides indicated that poly(A) synthesis was stimulated by poly(dA: dT) or poly(dT) but not by poly(dA) (15) . These results were consistent with a template-directed mechanism. Additional experiments indicated, however, that poly(C) stimulated the activity of the poly(A) polymerase which was consistent with terminal transfer (15) . Evidence of covalent attachment of the poly(A) chain to one or both of the primers would support the latter mechanism. The experiments reported here demonstrate the addition of adenylate residues from ATP to the 3-OH termini of poly(C) and, to our surprise, poly(dT).
MATERIALS AND METHODS Purification of poly(A) polymerase. The poly(A) polymerase was extracted from 40 to 50 mg of vaccinia virus cores and purified as described previously (15 glycerol, 0.1% triton X-100 detergent, 1 mM EDTA, and 2 mM dithiothreitol. In some cases the pooled fractions containing poly(A) polymerase activity were diluted and rechromatographed on a second DNA-cellulose column. The extent of purification could not be accurately determined because the protein concentration at the final stages was too low to measure by conventional methods. Two Coomassie blue-stained bands of approximately equal intensity were apparent after precipitation of a 1-ml sample with trichloroacetic acid and electrophoresis in sodium dodecyl sulfatepolyacrylamide gels (15) .
Poly(A) polymerase assay. The standard reaction mixture contained 50 mM Tris-hydrochloride (pH 9.0), 5 mM dithiothreitol, 1 mM MnCl2, 1 mM ATP (5 mCi/mmol), 0.1 mM poly(dA:dT) or poly(C) expressed as atoms of phosphorous and 10 pliters of enzyme in a total volume of 0.1 ml. This pH and Mn2" concentration was optimal with both primers. After incubation for 60 min at 37 C, 75 pliters was applied to Whatman De-81 filter paper circles. Unincorporated ATP was removed by washing, and the filters were counted in scintillation fluid as described (15) . Poly(dA: dT) was prepared by mixing equimolar amounts of poly(dA) (2.5 mM) and poly(dT) (2.5 mM) in 0.01 M Tris, pH 7.4, 0.2 M NaCl for 15 min at room temperature or 5 min at 50 C and then at room temperature (24) . The formation of hybrids by this procedure was checked by the decrease in absorbance at 260 nm.
Dimethylsulfoxide-sucrose gradient sedimentation (25) . Enzymatic reactions (1 ml) were terminated by making them 0.01 M in EDTA, 0.5% in sodium dodecyl sulfate, and 0.1 M in Tris-hydrochloride (pH 9.0). A 100-,gg amount of carrier poly(A) was added, and the solution was mixed vigorously with an equal volume of distilled phenol saturated with the Tris buffer, at 37 C for 3 min. The mixture was chilled on ice and centrifuged to separate the phenol and aqueous layers. The aqueous layers were reextracted and then made 0.3 M in NaCl, and 2.6 volumes of 95% ethanol was added. After storage overnight at -20 C, the precipitated material was collected by centrifugation in an SW 50.1 rotor at 149,000 x g. The pellet was When isotope transfer experiments were carried out by enzymatic rather than alkaline digestion, the polymerase product was first filtered through a G-50 Sephadex column equilibrated with 0.01 M ammonium acetate and then lyophilized. The material was dissolved in 50 Mliters of 0.1 M Tris-hydrochloride, pH 7.5, 0.01 M CaCl2, and was incubated with 600 U of micrococcal nuclease for 2 h at 37 C. EDTA was then added to a final concentration of 0.01 M and then 0.4 U of spleen phosphodiesterase was added. After two more hours of incubation at 37 C the reaction was stopped by placing the tube in a 100-C water bath for 1 min and analyzed by thin-layer chromatography.
Isotope transfer experiments with poly(dA: dT)-primed product. Reaction mixtures were prepared as in the previous section except that poly(dA: dT) was used as the primer. The reaction was terminated by addition of EDTA to a final concentration of 0.01 M and 100Mug of poly(A) and of poly(dA: dT) were added. The material excluded from G-50 Sephadex (equilibrated with 0.01 M ammonium acetate) was analyzed in one of two ways. One portion was simply lyophilized and then digested with micrococcal nuclease and spleen phosphodiesterase as in the preceding section. The other was precipitated with perchloric acid and digested with 0.3 N KOH to hydrolyze the phosphodiester bonds between the riboadenylate residues. After neutralization with AG-50 resin (H+ form) the material was again passed through G-50 Sephadex and lyophilized. The polynucleotide was dissolved in 0.1 ml of 0.1 M Tris-hydrochloride, pH 8.1, and treated with 2 U of alkaline phosphatase for 5 to 6 h at 37 C, phenol extracted, passed through G-50 Sephadex, lyophilized, and finally digested with micrococcal nuclease and spleen phosphodiesterase.
PEI cellulose chromatography. Methods and buffers for chromatography on thin layers of polyethyleneimine (PEI) cellulose were adapted from Randerath and Randerath (20, 21) . Nucleotide samples were spotted on washed PEI plates, and ascending chromatography was usually carried out in a sandwich-type apparatus. In system I, the first dimension (0.4 M LiCl) separated nucleoside monophosphates from other nucleotides which remained at or near the origin. The plates were viewed with UV light and cut below the nucleoside monophosphate spot. Both strips were desalted with methanol and dried. Nucleoside monophosphates were then separated by ascend-87 VOL. 14, 1974 on November 2, 2017 by guest http://jvi.asm.org/ Downloaded from ing chromatography in 60% saturated ammonium sulfate; nucleoside di-, tri-and tetraphosphates were separated in 1 M KH2PO4. Another chromatographic sequence (system II) consisted of 1 N formic acid in the first dimension. The plate was then dried, washed with methanol containing 0.12% (wt/vol) Tris base, and then washed with methanol. The plate was then turned 900 and a strip (5 by 20 cm) of Whatman no. 1 paper was stapled along the upper edge. The plate was then placed in a tank containing 0.45 N acetic acid. After the solvent travelled 10 cm above the origin, the plate was transferred without drying to a second tank containing 0.3 M LiCl, and chromatography was continued until the solvent approached the top of the wick. This system proved capable of separating 3'-dAMP and 3'-dTMP from 3'-rAMP. Radioautographs were made by placing the plates against Kodak no-screen X-ray film. Appropriate areas of the plate were also cut out and placed in vials, eluted with 1 ml of 2 M LiCl, and counted after addition of triton X-100 toluene-based scintillation fluid.
Materials and polydeoxyribonucleotide stimulated polymerase activities eluted together (Fig. 1 ). This experiment also indicated the extent of separation of the poly(A) polymerase from the two nucleic acid-dependent nucleoside triphosphate phosphohydrolases of vaccinia virus (17) (18) (19) . Thus far we have been unable, either by using more shallow gradients or by rechromatography, to obtain a poly(A) polymerase preparation free of detectable phosphohydrolase activity. Saturation curves showing the stimulation of poly(A) synthesis obtained with poly(C) and poly(dA: dT) are presented in Fig. 2 . The pH optima and metal ion requirement (see Materials and Methods) for activity with polyribonucleotide and polydeoxyribonucleotide primers were similar or identical (our unpublished data). The size of the product was analyzed by sedimentation through 99% dimethylsulfoxidesucrose gradients. Dimethylsulfoxide was used to provide denaturing conditions. The results, shown in Fig. 3 , indicated that the products of both the polyribonucleotide and polydeoxyribonucleotide primed reactions were of discrete sizes which approached that of 18S ribosomal RNA. The sedimentation of the [PH]poly(A) was unchanged by addition of excess unlabeled poly(A) and incubation of the sample in 90% dimethylsulfoxide at 60 C for 15 min prior to centrifugation. The product formed by the poly(A) polymerase in the absence of added primer was also quite large and in some experiments approached that of 28S ribosomal RNA (not shown).
Evidence for a covalent association between product and primer. Effects of RNase and DNase. Poly(A) is resistant both to RNase A in high salt (2) and to DNase I. Nevertheless, if poly(A) is covalently attached to poly(C) then incubation with RNase A should alter its sedimentation. Similarly, if poly(A) is covalently attached to poly(dA: dT), then DNase I should alter its sedimentation. Prior to such experiments, the polymerase reaction conditions were modified to obtain relatively small chain length poly(A) sequences. This was done so that diges-0 x ation of the primer would lead to large changes in sedimentation. Preliminary experiments indicated that this could be accomplished most efficiently by lowering the ATP concentrations 100-fold. Limiting concentrations of ATP might also be expected to favor primed versus unprimed polymerization and would obviously have the additional advantage of allowing us to increase the specific activity of the substrate without the use of additional isotope. The smaller but still discrete size of the product formed in the presence of 0.01 mM ATP and 0.1 mM poly(dA: dT) primer is shown in Fig. 4 .
Control experiments (Fig. 5) established that the sedimentation of the product of the unprimed polymerase reaction was not significantly altered by incubation with DNase I or RNase A (in 0.3 M KCl). Similar results were also obtained with commercial [3H ]poly(A) synthesized with polynucleotide phosphorylase (not shown). The product of the poly(dA:dT)-primed polymerase reaction, however, sedimented more slowly after DNase digestion but was not significantly affected by RNase (Fig. 6) . In contrast, the product of the poly(C)-primed polymerase reaction sedimented more slowly after RNase treatment (Fig. 7) . Thus, evidence for covalent attachment of poly(A) to both polydeoxyribonucleotide and polyribonucleotide primers was obtained.
Isotope transfer experiments. The forma- tion of' phosphodiester bonds between nucleotides can be demonstrated most convincingly by an isotope transf'er experiment commonly known as nearest neighbor analysis (1) . Adaptations of the method which we used to determine poly(A) attachment to primers are illustrated in Fig. 8 . In essence, a phosphodiester bond formed between the 3-OH end of' the unlabeled primer and the first attached residue of poly(A) would be labeled if' a-[32P]ATP were used as substrate. If' the primer were a polyribonucleotide such as poly(C), then alkaline hydrolysis of' the product would release 32P-containing 2', 3'-CMP in addition to 2', 3-AMP. Since the amount of labeled CMP would be small relative to labeled AMP, limiting concentrations of' ATP (0.01 mM) were used to produce short poly(A) chains of high specific activity. In addition. high resolution methods were required for nucleotide analysis. The latter was accomplished by two-dimensional chromatography on PEI cellulose thin layer plates as described in Materials and Methods. In this procedure the plate was cut after the first dimension and the separate parts were chromatographed with different buffers in the second dimension. Radioautographs of thin-layer plates after such an experiment are shown in Fig. 9 . The dashed line indicates where the plates were cut. Radioactive label coincided with the UV light absorbing spots of carrier 2',3'-AMP and 2',3'-CMP on the lett side of the dashed line. As anticipated, when the polymerase reaction product was treated with RNase A to hydrolyze the poly C primer, alkali treatment of the recovered poly(A) did not yield labeled CMP (Fig. 9) . The faint spots adjacent to CMP are presumably degradation products of AMP since they were also present in the alkaline digest of RNase treated material. The latter do not correspond to 2', 3'-cyclic AMP. Poly A formed without attachment to primer might be expected to yield adenosine tetraphosphate from the 5' terminus. However, no radioactive material migrated with carrier ppppA, pppA, or ppA which were on the right side of the dashed line on each thin layer plate. The possible effects of contaminating vaccinia nucleotide phosphohydrolase on the pyrophosphate bonds at the 5' end of' polynucleotides has not yet been evaluated. The single spot on the right side of each plate was just behind ppA and might be residual ApAp since poly(A) is relatively resistant to complete hydrolysis (3). We found that digestion with micrococcal nuclease and spleen phosphodiesterase offered several advantages over alkaline hydrolysis. The formation of' only the 3'-isomer of AMP and CMP, the lack of degradation products, and the evident completeness of the reaction are seen in the radioautograph in Fig. 10 hydrolysis. Adenosine is derived from the 3-OH end of the poly(A) product and the latter ratio is also an indication of chain length.
Two variations of' nearest neighbor analysis were used to investigate covalent attachment to the poly(dA: dT) primer (Fig. 8) . The more complicated analysis consisted of alkaline hydrolysis of the poly(dA: dT)-primed product and isolation of the resistant polydeoxyribonucleotides by gel f'iltration. At this stage each chain of primer that originally had a covalently linked poly(A) chain should contain two residues of 3P. The terminal 32P residue, attached to adenosine, was removed by alkaline phosphatase treatment, phenol extraction, and gel filtration. The remaining polydeoxyribonucleo- tide was digested with micrococcal nuclease and spleen phosphodiesterase. The chromatography system used was shown in preliminary experiments to separate 3-dAMP, 3-AMP, and 3'-dTMP. Radioautographs of the PEI plates indicated that most of the radioactivity corresponded to dTMP (Fig. 11) . The faint spot coinciding with the 3'-AMP standard presumably resulted from incompleteness of either the alkaline or alkaline phosphatase digestions. In one experiment a faint spot corresponding to 3'-dAMP was also detected. The more direct method of analysis consisted of simply digesting the poly(dA: dT)-primed polymerase product with micrococcal nuclease and spleen phosphodiesterase followed by chromatography. Approximately 0.5% of the recovered 32P-label was in dTMP indicating a chain length of about 200 . The large amount of label in 3-AMP prevented determination of label in the closely migrating 3'-dAMP by this simpler analysis. DISCUSSION The purified vaccinia virus poly(A) polymerase catalyzes the attachment of adenylate residues to poly(C), a process which we assume to be analogous to the addition of adenylate residues to nascent mRNA by intact cores. Enzymes which utilize polyribonucleotide primers for poly(A) synthesis have also been obtained from mammalian tissues (5, 6, 11, 26, 29) , chicken embryos (28), corn seedlings (14) , and yeast (8, 27) . The significance and mechanism of stimulation of the vaccinia poly(A) polymerase by poly(dA: dT) was more puzzling. Initially Kates and Beeson (3) noted that poly(A) synthesis by intact cores was inhibited by agents which bind to double-stranded DNA by intercalation and suggested that poly(A) is formed by transcription of poly(dA: dT) sequences in vaccinia DNA. Our report that the purified poly(A) polymerase was stimulated by poly(dA : dT) or poly(dT) and further that this stimulation was prevented by intercalating agents was consistent with such a mechanism (15) . Nevertheless, the present finding that poly(A) is attached primarily or exclusively to the terminus of the poly(dT) strand makes a template directed mechanism unlikely. Previous studies (15) have shown that the poly(A) polymerase cannot use dATP as a substrate. Since there is no known biological function associated with the attachment of riboadenylate residues to the 3-OH terminus of DNA, this reaction may simply represent a lack of specificity of the enzyme in vitro. Polydeoxyribonucleotides have also been reported to stimulate poly(A) polymerase activity in extracts of Escherichia coli (7), corn seedlings (13), and calf thymus (29) , although in none of the latter cases was covalent attachment of riboadenylate residues directly to a deoxynucleotide demonstrated. It seems likely, from the pattem of elution from DNA-cellulose, that a single vaccinia virus enzyme catalyzes the addition of adenylate residues to both polyribo-and polydeoxyribonucleotides. Nevertheless, the purest preparations of poly(A) polymerase contain two major bands resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (15) . Experiments now in progress in our laboratory indicate that in addition to poly(C) and poly(dA: dT) a variety of other synthetic RNA and DNA molecules of suitable length may function as primers.
Analysis of the poly(A) polymerase product on dimethylsulfoxide-sucrose gradients indicated that the product formed with relatively Radioautograph of PEI cellulose plate after chromatography of enzyme digest of poly(dA:dt)-primed polymerase product. The reaction product was treated sequentially with alkali, alkaline phosphatase, micrococcal nuclease, and spleen phosphodiesterase as described in Materials and Methods and in Fig. 8 . Chromatography was carried out with system II.
small polyribonucleotide or polydeoxyribonucleotide primers was rather uniform in size and approached that of 18S ribosomal RNA. When ATP was limiting the poly(A) segment was smaller, and isotope transfer experiments suggested it was 40 to 80 nucleotides in length with poly(C) primer and 200 nucleotides in length with poly(dA: dT). Further experiments will be needed to determine whether the enzyme adds adenylate residues in a processive manner.
